We have modeled the dynamics of a relatively new deposition technique, vertical colloidal deposition ͑VCD͒, for preparing nanoparticle thin films. In this process, the substrate is placed vertically in a nanoparticle suspension and is gradually exposed by evaporation or other slow solvent removal. During the film's formation, we observe that the colloidal particles are deposited only at the solid-liquid-gas interface. In contrast with the horizontal geometry, treated elsewhere, where the meniscus is pinned, we observe qualitatively different deposition behaviors. In particular, uniform films rather than rings or lines are produced. Thus, we are led to model a diffusion-driven rather than a convection-driven film growth kinetics, and we are able to predict, consistent with our experimental observations, that the film's areal density is inversely proportional to the descent speed of the suspension surface. Additionally, we find that for submonolayer films, the areal density is proportional to the square of the suspension concentration, converting to a linear dependence once monolayer coverage is attained.
I. INTRODUCTION
Because of their interesting properties and potential for engineered design, nanoparticles have attracted much focus in materials research. The fundamental questions posed by nanoscale systems are answered while opportunities are created to find unique solutions to technological problems in microelectronics, optoelectronics, and catalysis. 1 Recent results have pointed to the potential contribution of nanoparticles for future technologies. In particular, following the successful control over the size and shape of nanoparticles, there has been considerable interest in exploiting the application of nanoparticles to complex nanoelectronic devices and biochemical sensors. 2, 3 Diverse structures can be constructed using nanoparticles as building blocks, such as ordered spheres and superlattices with the complexity and ordering of the resulting nanostructures dictated by the processing route taken. [4] [5] [6] There is significant activity devoted to the development of thin-film fabrication methods, 7 such as layer-by-layer self-assembly, 8 drying deposition, 9 and vertical deposition. [10] [11] [12] [13] [14] In those approaches, dip coating is certainly a common and simple process for preparing films. More recent work has exploited the air-water-substrate interface as a means to enhance the formation of nanoparticle thin films from low-viscosity suspensions. [15] [16] [17] However, there are few models to provide theoretical input for guiding innovations in the latter approach to thin-film fabrication.
This situation exists in spite of significant work on the dynamics of colloidal motion in evaporating solutions. In particular, studies of nanoparticle deposition and selfassembly onto horizontal substrates and first-principles calculations of the substrate-particle adhesion force have illuminated the role of two-dimensional motion in the meniscus region. 14 Such research has been extended to explain the formation of solute rings arising from evaporating, pinned drops. 18 This, the so-called coffee-ring problem, is explained to stem from the evaporation-driven flow of steadily more concentrated solution to the outer edge of the drop. While the currently accepted models explain the concentration of the solute particles near the outer edge of the drop, they do not address the deposition of material in the meniscus when either the liquid edge is unpinned, or when the solvent reservoir is sufficiently large that the evaporation process does not significantly enrich the colloidal density. The approach reported here addresses this latter class of processes, more akin to vertical deposition, such as the prominent rings formed on the inner surface of a coffee cup.
In our early report, 17 evaporation-driven vertical colloidal deposition ͑EVCD͒ is presented as a method to synthesize nanoparticle thin films on substrates positioned vertically, relative to a solution surface. As shown schematically in Fig. 1 , when the solution evaporates, more substrate is exposed and coated by the nanoparticle film. The nanoparticles in suspension, within the solid-liquid-gas interface, are deposited on the substrate subject to interfacial forces. Previously, gold nanoparticle thin films have been grown by using EVCD. Typical results of EVCD growth of gold nanoparticle films are pictures in the transmission electron microscopy ͑TEM͒ images of Fig. 2 15 We note here that evaporation is not a necessary condition, but merely provides a means for slowly dropping the liquid level. In our lab, we have also demonstrated the deposition of nanoparticles when the solution is slowly, but nonevaporatively removed. 19 Motivated by these experiments, we present a theoretical discussion of material transport in the vertical colloidal deposition of nanoparticle thin films. Diffusion theory is used to treat the dynamics of this synthesis process. And in agreement with experiment, our model shows that the areal density of nanoparticles in submonolayer thin films made by EVCD is directly proportional to the square of suspension concentration and inversely proportional to the descent speed of suspension surface. Further, we demonstrate similar behavior for thicker films, except that their areal density is directly proportional to the suspension concentration rather than to its square. The theoretical results obtained in this paper for thicker-than-monolayer nanoparticle films agree well with the experimental trends reported in our earlier results.
II. THEORETICAL ANALYSIS
The dip coating method for preparing thin films is commonly used and models for thin-film formation have been obtained for sol-gel techniques. [20] [21] [22] Recent work has demonstrated the usefulness of dip coating in the low-speed, lowviscosity limit of EVCD, [15] [16] [17] 23 but the process has yet to be theoretically described, except for the case in which the substrate is horizontal. 24 We have created a quantitative empirical description of the deposition process by simply considering the Brownian motion of nanoparticles in the reduced-dimension, meniscus region of the solution ͑see Fig 1͒. This model is useful for optimizing the deposition conditions necessary to obtain desired film morphologies and thicknesses.
Our findings are motivated by our experimental observations of EVCD that the nanoparticle deposition takes place in the thin region of the meniscus rather than in the bulk of the solution. This is crucial. For when the nanoparticle's affinity to the substrate is weak, there is an equal likelihood of adsorption as desorption. There is then no net deposition unless particle motion transverse to the substrate is limited by geometrical constriction. The dynamics of the process is driven by evaporation, which leads the surface of the nanoparticle suspension to drop from the broken line to the solid line of Fig. 1 . Then, the nanoparticles in the meniscus aggregate on the substrate and are removed from the suspension, causing a net diffusive flux toward the meniscus region. Hence the deposition speed is limited by rate at which nanoparticles can be replenished by diffusion.
In our discussion of EVCD, two ideal conditions are assumed: the volume change of the suspension is so small that the concentration of the suspension remains constant, and the size of nanoparticles is small enough that the influence of gravity can be ignored.
In our model, the surface of the solution in Fig. 3 descends with speed . Thus, during a small time ⌬t the exposed substrate area increases by ⌬S = W⌬t, where W is FIG. 1. The schematic of vertical colloidal deposition ͑VCD͒ for nanoparticle thin-film synthesis. The substrate is immersed vertically into the nanoparticle suspension, and as the surface of the suspension is lowered, the nanoparticles in meniscus region aggregate on the substrate.
FIG. 2.
Transmission electron microscopy ͑TEM͒ images of the gold nanoparticle films, made by evaporation-driven vertical colloidal deposition. This and similar micrographs demonstrate that these films are uniform on a 1 -10-m scale. TEM images of individual nanoparticles indicate that they are spherical and fairly monodispersed.
184710-
the width of substrate immersed in the suspension. The areal density of nanoparticles in the thin film is then by definition
where ⌬n is the number of nanoparticles localized on the thin-film area ⌬S. Those nanoparticles are suspended in the volume V diff during ⌬t because of diffusion, and the meniscus is narrow enough that motion within it is constrained to a plane parallel to the substrate. Translational symmetry along the meniscus line reduces the problem to one of quasione-dimensional diffusion, the flux of nanoparticles is then governed by Fick's law:
where D is the diffusion coefficient, and C is the suspension concentration. The cross-sectional area for diffusion is ds = Wdx, where is the contact angle between the suspension surface and the substrate surface. The number of nanoparticles passing through the cross section is then given as
In steady state, ⌬C is the concentration difference between the bulk suspension and the meniscus. Since not all nanoparticles in the deposition region will aggregate on the substrate, we define as the probability that a given particle will be absorbed upon colliding with the substrate ͑ is treated as a parameter, depending upon forces within the meniscus, see Sec. III͒. With an amount of ⌬C = C removed from the suspension, Eq. ͑3͒ can be written as
By combining this with Eq. ͑1͒, we obtain
The coefficient D is given by Einstein's diffusion theory:
͑T is the temperature of suspension, is the viscosity of suspension, k B is the Boltzmann's constant, and r is the average radius of nanoparticles in suspension͒. Finally, combining Einstein's diffusion constant and Eq. ͑5͒, we express the areal density of nanoparticles as
III. DISCUSSION

A. Factors controlling deposition rate
There are a number of parameters in Eq. ͑6͒ which can be determined by simple considerations. For example, according to Einstein's theory of the Brownian motion, the viscosity of the suspension is given by
where 0 is the viscosity of solvent, and V and M are the partial molar volume and molecular weight, respectively. The concentration of the reaction solution is typically in the millimolar range and remains constant through the experiment ͑since a small volume of liquid evaporates͒. Thus, in Eq. ͑7͒, the concentration-dependent terms are much smaller than 1, allowing us to assume is a constant, 0 .
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The contact angle, , between the suspension surface and the substrate is influenced by the solvent, the substrate, and the tilt angle of the substrate relative to the solution. 27 This angle is easily measured and even adjusted to control the film's deposition rate. In recent experiments, a steep contact line shape with a small contact angle has demonstrated a lower areal density than a smooth contact line shape with large contact angle, 28 as expected from Eq. ͑6͒. The adsorption probability is influenced by the wetting force between the nanoparticle and the substrate. It therefore depends on the substrate, and on the nanoparticle's size, shape, surface properties, and concentration. Some of the conditions for stable attachment of suspended particles to solid surfaces have been previously addressed, 29 where, for example, under a barrierless deposition regime, increases in proportion to the bulk suspension concentration. However, once a complete monolayer has been formed, blocking effects become predominate and becomes constant. 30, 31 Thus, for submonolayer nanoparticle thin films, under equilibrium conditions, the adsorption coefficient, = KC, where K is a constant determined by the nanoparticle, solvent, and substrate properties. 30 Equation ͑6͒ can then be written as
where the constant ␣ submono = Kk B T /6r. For thicker nanoparticle films, is independent of the suspension concentration, 30 and thus, Eq. ͑6͒ can be written as
␣ thick = k B T /6r is again constant, as it depends only upon the properties of the nanoparticle, the substrate, and the solvent and upon temperature. N mono is the areal density for FIG. 3 . The process via which nanoparticle thin films are formed by EVCD in meniscus region of the nanoparticle suspension. v⌬t is distance the the suspension surface descends and ⌬x is the distance that the nanoparticles diffuse in the time interval, ⌬t. J is the diffusive flux of the nanoparticles, which results in films with densities given by Eq. ͑5͒.
the first monolayer of the nanoparticle thin film.
Equations ͑8͒ and ͑9͒ demonstrate that the areal density of nanoparticles in a film can be controlled by adjusting the descent speed of the suspension surface and the concentration of suspension. Our previous measurements are consistent with these results, as shown in Fig. 4 , 17 that is, with the linear behavior predicted by Eq. ͑9͒. In these experiments, the gold nanoparticles in all films are essentially monodispersed as described in Ref. 16 , and the areal density is inferred from the mass density. In Fig. 4͑a͒ , the dotted line is a representation of the submonolayer film growth curve. The slopes of the experimental data of Fig. 4 , and our knowledge of the nanoparticle concentration, and measurements of the contact angle, allow us to infer the adsorption coefficient for thick films to be greater than 0.6 but less than 0.8.
Finally, the morphology of nanoparticle thin films can be controlled by changing the transition speed of the nanoparticles. In the arrival-limited regime, the nanoparticles have enough time to diffuse at the growth surface to form an ordered structure, unless the transition speed is too large. Then the nanoparticles will form an amorphous film.
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B. Monolayer nanoparticle thin films
We can demonstrate that for fixed surface descent speed, when the concentration of the suspension is sufficiently low, a submonolayer film will always be deposited. For a known areal density and nanoparticle radius ͑r͒, the distance between the nanoparticles for submonolayer films is given by
Less than complete coverage is obtained when d ജ 2r. Thus, for EVCD, the synthesis condition for submonolayer thin films is
shows that for EVCD, a nanoparticle monolayer can be obtained given the proper suspension descent speed and concentration, consistent with our previously reported experimental results.
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IV. CONCLUSION
A diffusion-based model for evaporation-driven vertical colloidal deposition of nanoparticle thin films is presented in this paper. The trends predicted by these calculations agree with our earlier experiments reported for gold nanoparticle thin films. 17 These results allow us and others to parametrize the deposition conditions for optimal film growth. More experimental data are being obtained for the synthesis of monolayer nanoparticle thin films, guided by the findings reported in this paper. FIG. 4 . Experimental results for the deposition of gold nanoparticle films by EVCD. ͑a͒ Mass density vs the suspension concentration for a fixed surface descent speed. Film formation initially follows the dotted line, until a complete monolayer is attained. ͓See Eq. ͑11͔͒. From thence, blocking effects lead to a linear dependence with the monolayer offset. ͑b͒ The mass density vs the inverse of the surface descent speed of suspension for a fixed concentration. Film densities were determined by weighing films and dividing by their areas. Extremely low deposition rates were obtained by placing the suspension in a humid environment ͑Ref. 17͒.
